Purpose The purpose of this study is to evaluate the performance and validity of the case-crossover (CCO) and self-controlled case-series (SCCS) designs when studying the association between hip/femur fracture (HF) and antidepressant (AD) use in general practitioner databases. In addition, comparability with cohort and case-control designs is discussed. Methods Adult patients with HF and who received an AD prescription during 2001-2009 were identified from UK's The Health Improvement Network (THIN) and the Dutch Mondriaan databases. AD exposure was classified into current, recent and past/non-use (reference). In the CCO, for each patient, a case moment (date of HF) and four prior control moments at À91, À182, À273 and À365 days were defined. In SCCS, incidence of HF was compared between exposure states. Conditional logistic regression was used in the CCO and Poisson regression in the SCCS to compute odds ratios and incidence rate ratios, respectively. In CCO, we adjusted for time-varying co-medication and in SCCS for age. Results Adjusted estimates for the effect of current AD exposure on HF were higher in the CCO (co-medication-adjusted odds ratio, THIN: 2.24, 95% confidence interval [CI]: 2.04-2.47; Mondriaan: 2.57, 95%CI [1.50, 4.43]) than in the SCCS (age-adjusted incidence rate ratio, THIN: 1.41, 95%CI [1.32, 1.49]; Mondriaan: 2.14, 95%CI [1.51, 3.03]). The latter were comparable with the traditional designs. Conclusion Case-only designs confirmed the association between AD and HF. The CCO design violated assumptions in this study with regard to exchangeability and length of exposure, and transient effects on outcome. The SCCS seems to be an appropriate design for assessing AD-HF association.
INTRODUCTION
Assessing the association between hip or femur fracture (HF) and antidepressants (AD) is challenging, and dissimilar results have been reported. 1, 2 The risk of HF is influenced by both the strength of the bones and the chance of falling. Either of these can be directly or indirectly affected by factors such as patient characteristics and the environment. These include age, sex, physical fitness, neurological status, nutrition habits, hormonal status, drug use and morbidity. 3, 4 Estimation of an association between drug use and HF might be confounded by any of these factors, especially when both the indication for the drug and the risk of the outcome are related to these factors. 5, 6 As long as these factors are accurately measured and available in our data, we can adjust for them in traditional designs like the cohort and case-control. [7] [8] [9] Case-only designs, where cases serve as their own controls, are not subject to bias caused by measured and unmeasured time-invariant confounders such as genetics, frailty or underlying disease. In addition, potential selection bias when sampling controls, provided that timing of the control moments is correct, is absent. Application of these case-only designs seems therefore attractive, but suitability of these designs to study a specific association within the same person depends on transience of exposure and outcome and thus requires several assumptions related to exposure over time and the time relation with the outcome. 10 While studying the association between AD use and HF in electronic healthcare databases, we aim to do the following: (1) compare the risk estimates of the case-crossover (CCO) 11, 12 with the self-controlled case-series (SCCS) design; (2) assess the effects when the assumptions for each of these designs are violated; and (3) compare the results with traditional cohort and (nested) case-control (NCC) designs. 8 
METHODS

Setting and study population
A common protocol and data specification for both the case-only designs (this manuscript) and the traditional methods (described in more detail in this Pharmacoepidemiology and Drug Safety issue 8 ) were registered with the European Network of Centres for Pharmacoepidemiology and Pharmacovigilance. 13 The association between AD use and HF was assessed using electronic health records from the UK collected by The Health Improvement Network (THIN). For a subset of the analyses, data from the Mondriaan database were used as a second data source to illustrate feasibility and generalizability on a small database. The Dutch Mondriaan database combines data extracted from the NIVEL Primary Care Research Database and the Almere Health Care Group database. These data sources are described in more detail elsewhere. 9 A blinding procedure was maintained until all results were available at the coordinating centre (at Utrecht University, the Netherlands).
The study period was defined as from 1 January 2001 to 31 December 2009 . The study population included all patients who met the following criteria: (i) being ≥18 years old; (ii) having had at least 1 year of enrolment with the general practitioner; (iii) having received at least one AD prescription; (iv) having had a recorded diagnosis of HF during the study period; and (v) having had 12 months free of HF before the observation period started in order to ensure they experienced 'new' events.
Exposure and outcome definition
The exposure of interest was an AD prescription (ATC N06AA [tricyclic AD, TCA] or N06AB [selective serotonin reuptake inhibitors, SSRI]). 13 In THIN, AD prescription duration was estimated based on the amount prescribed and the dosage regimen. Because this information was unavailable in Mondriaan, a fixed duration of 90 days was set for each AD, based on the maximal prescription duration for chronic prescriptions in the Netherlands.
Antidepressant treatment episodes were constructed for each patient, and exposure time was divided into periods of non-use, current, recent and past use.
14 Periods of 'current use' were extended with 30 days after the theoretical end date of the last prescription within a treatment episode and followed by 60 days of 'recent use'. After that time and until renewal, exposure was defined as 'past use' that together with 'non-use' served as a reference category (Figure 1 ).
Hip/femur fracture cases were defined as patients having a code for hip or femur fracture registered in their electronic health records during the study period as described by Requena et al. 15 (see European Network of Centres for Pharmacoepidemiology and Pharmacovigilance registered protocol for the full list of codes 13 ). Only the first HF was considered as event for the CCO, while for the SCCS, all HFs were considered; however, a new fracture was only considered as such if at least 12 months had elapsed from the previous HF.
Case-crossover design
The date of first diagnosis of HF after the start of the observation period was considered as the index date. For each HF case, up to four control moments were selected, defined at À91, À182, À273 and À365 days (C1 through C4) prior to the index date. The selection of control moments included a control moment at 1 year prior to the index date to consider potential seasonal variations. Control moments were only included if they met all eligibility criteria. In the CCO, we adjusted for time-varying co-medication use in the 3 months before the index date and each control moment by using the same method and algorithm as we did in the cohort and NCC design. 8 The list of co-medications can be found online in the Supporting Information and in the protocol. 13 Case-crossover sensitivity analysis A prerequisite for CCO is discordancy of the exposure of interest; concordant cases, having the same exposure state during all moments, will contribute to the estimate of the treatment effect only through the confounding adjustment for co-medications. When used for the treatment of depression, ADs should be prescribed for at least 6 months following symptom resolution according to both British and Dutch guidelines. 16, 17 To study the effect of such expected low discordancy, we included a 1:1 matched analysis of HF-C1, HF-C2, HF-C3 and HF-C4 in addition to the 1:4 matching of case and control moments.
Self-controlled case-series design
The observation time for each individual was divided among the AD exposure categories. In the SCCS, age was the only confounder considered and was included in the adjusted model as categorical (1-year age band for patients from 60 to 95 years old, 5-year age band for other ages) in THIN and as a continuous covariate in Mondriaan (because the age categories were too sparsely populated with events).
Self-controlled case-series sensitivity analyses
For the SCCS, 18 the main assumption is that occurrence of the event must not alter the probability of subsequent exposure. This was assessed by defining a 'pre-exposure' period prior to the first prescription of an AD during the study period. Different lengths of the 'pre-exposed' were chosen (15, 30, 45 and 60 days) and removed from past/non-use comparator period to adequately cover the period in which the event might have altered the probability of being prescribed an AD.
Another key assumption is that the event should not censor the observation period 10 ; we therefore tested the impact of right censoring at the first event. To simulate what happens in real life in a database, where we cannot know how many patients are censored at the first event, we varied the proportions of subjects to be randomly right censored (0%, 2%, 5%, 10%, 20%, 50% and 100%), and for each proportion, the incidence rate ratio (IRR) was averaged over 1000 replications.
The last planned sensitivity analysis was to facilitate the comparison with the traditional designs studying the impact of 6 months free AD prior to their start of the observation period to create a 'new user' cohort.
Subsequently, as a post hoc analysis to understand the discrepancy between the CCO and SCCS, we investigated the effect of including only patients that had discordant exposure in the CCO design. For this purpose, the SCCS analysis was stratified by subgroups of patients being discordant or concordant in the CCO.
Data analysis
The association between AD use and HF was assessed comparing 'current' and 'recent' use with 'past/non-use'. In addition, results were stratified by type of AD into TCA, SSRI and both. For the CCO, conditional logistic regression was used to estimate the OR with 95% confidence intervals (CI). For the SCCS, Poisson regression, with patient identifier and offset for duration included as covariates, was used to estimate the IRR and corresponding 95%CI. SAS® 9.3 (SAS Institute, Cary, NC, USA) was used for all statistical analyses in THIN and the CCO in Mondriaan, while the SCCS in Mondriaan was analysed using R statistical software package version 2.14.2.
RESULTS
Patient characteristics
During the study period, 9682 patients in THIN were eligible, and characteristics of this population are shown in Table 1 . Patients were on average 77.6 years old at the time of HF, and almost 79% was female.
In the CCO, only patients who were discordant for exposure directly contributed to the estimate of the treatment effect, consisting of 2905 patients in THIN. The patient characteristics of this discordant subset had on average 14% more co-morbidities and 15% more co-medications registered per patient than the population from which they were extracted and were treated for a shorter time with ADs in both databases ( Table 1 in the Supporting Information for more details). In Mondriaan, 277 patients were eligible, of which 92 were discordant for exposure. Figure 2 shows the relative risks of CCO and SCCS for both databases compared with other designs.
Type of antidepressant
In the CCO design, we found higher ORs for HF associated with current SSRI exposure compared with TCA (in Table 2 and Figure 3 ). However, the SCCS resulted in an almost equal risk for both AD types in the age-adjusted 
Sensitivity analysis of case-crossover
The 1:1 comparison of HF to different individual control moments (HF-C1 → HF-C4) resulted in ORs that were similar and did not differ from the 1:4 analysis including all control moments in THIN (Figure 4) .
In the HF-C1 comparison, exposure states were largely unchanged between the case and control moments, and discordancy was 15%, whereas in the HF-C4 comparison, discordancy increased to 24% ( Table 2 in the Supporting Information).
Sensitivity analysis of self-controlled case series Table 3 of the Supporting Information) show the results of possible event-exposure dependence. Risk of HF during the pre-exposure period was statistically significant for the pre-exposure period of at least 30 days and increased with the length of the pre-exposure period. For instance, for the 30-day pre-exposure period, IRR was 1.16 and increased to 1.45 for the 60-day pre-exposure period. However, the IRR for current users did not seem to be altered by the removal of the pre-exposure period from the past/non-use period (varying between 1.40 and 1.43 in all four scenarios).
When up to 20% of the patients were randomly censored at first event, the IRR was still in line with the main analysis and started to diverge when 50% or more of the patients were censored ( Figure 5 , Table 4 in the Supporting Information). When all patients were censored at the first event, IRR was considerably higher compared with the main analysis.
Finally, excluding subjects with an AD prescription in the 6 months before study entry did not significantly change the estimates (results not shown).
Post hoc analysis of self-controlled case series
Including in the SCCS only patients that were discordant in the CCO resulted in higher age-adjusted estimates of 4.27 (95%CI [3.87, 4 .70]) in THIN. In the analysis per AD drug class, the higher risk for SSRI over TCA already observed in the other (Table 3) . However, it is important to realize that all the SCCS results stratified for concordance in CCO are not valid and are presented for illustration only. Risk estimates from case-crossover (CCO) and self-controlled case-series (SCCS) versus traditional designs. Symbols indicate relative risk estimates, odds ratios for nested case control (NCC) and CCO, and incidence rate ratios for cohort and SCCS, all with 95% confidence interval. *Comparable models share the same symbols; thus, adjustment for age and sex in cohort is compared with age adjusted in SCCS as this is already matched on sex by design and with the crude CCO as this is already adjusted on sex and age by design. THIN, The Health Improvement Network Figure 3 . Risk estimates by type of antidepressant (AD) use. Symbols indicate relative risk estimates, odds ratios for case-crossover (CCO) and incidence rate ratios for self-controlled case series (SCCS), all with 95% confidence interval. *Comparable models share the same symbols; thus, adjustment for age and sex in cohort is compared with age adjusted in SCCS as this is already matched on sex by design. NCC, nested case control; THIN, The Health Improvement Network 
DISCUSSION
Overall observations
This study shows that application of case-only designs results in risk estimates that consistently show an association between both current and recent AD use and HF. An elevated risk of HF associated with AD use is in accordance with results from other designs that were studied within our PROTECT consortium using the same databases. 8 Comparison of case-crossover and self-controlled case series. The CCO risk estimates for current use, matched by design by sex and age, were higher in both THIN (74%) and Mondriaan (37%) when compared with the age-adjusted results from the SCCS study.
The higher ORs in the CCO could be explained by induction of selection bias because in conditional analysis, of all eligible patients in the study, only those patients with discordant exposure for AD directly contributed to the estimate of the association. In fact, the concordant patients contributed only through the effect of the co-medications, and this seems quite modest looking at the difference between the crude results and the fully adjusted one in the CCO (Table 2 ). This explanation for the higher ORs in the CCO analysis is studies on antidepressant use and hip fracturesupported by the results of the SCCS sensitivity analysis where patients with discordant exposure in the CCO showed IRRs much higher than those in patients with concordant exposure. In the latter group, exposure had a protective effect (Table 3) . In the literature, higher risks of HF are reported for SSRI over TCA use when cohort and case-control designs are used. [19] [20] [21] In this study, the SCCS design resulted in similar IRR for SSRI and TCA in the THIN database. This is in line with the study by Hubbard et al. who compared a case-control design with an SCCS design on Clinical Practice Research Datalink data (UK) and showed that the higher risk of HF in SSRI use over TCA use disappeared in the SCCS design. 22 Part of their explanation was that preferential prescribing of SSRI to frail elderly people to avoid adverse drug reactions caused by TCA would induce confounding. By design, these biases are eliminated in the case-only designs. However, the CCO in THIN did not show such cancellation of the difference between SSRI and TCA in our study. The explanation for this is that the selection of only discordant patients in the CCO biases the estimates as we observed a higher risk of SSRI over TCA when selecting only discordant patients in the SCCS. In fact, estimates in concordant patients showed similar risk across SSRI and TCA.
Validity of case-only designs: analysis of violations of assumptions. The concept of case-only studies to control by design for time-invariant measured and unmeasured confounding sounds attractive. In this discussion, we will consider the added value of the CCO and SCCS designs in studying AD-HF by assessing validity, applicability and resulting estimates.
Validity of case-crossover design
The CCO design is susceptible to bias caused by trends in exposure over time. 11 From our descriptive study on AD use in the same databases and study period, we know that prevalence of AD use increased by less than 4% (THIN) and 0.9% (Mondriaan) per year during the study period. 6 For THIN, this could have resulted in an overestimation of the OR by 2% (4%/2) at most as the probability of having a prescription during the four control moments, on average half a year before, was slightly lower.
A prerequisite of the CCO design is that effects of exposure are transient over time and that reference periods or control moments are sufficiently remote in time to prevent the long-lasting effects of exposure to be present after end of exposure ('carry-over effect'). The association between AD and HF is related to the increased risk of falling in AD users that is reported to peak about 2 days after dose changes 23 and on physiological cumulative and long-lasting effects of AD use on bone strength via a decrease in bone mineral density. 24 The latter might be the reason that in our studies, 'recent use' was also associated with increased risk for HF. These results, therefore, seem to violate the prerequisite on transient effect of exposure.
Exposure needs to be transient to allow discordancy between the case and control moments for each patient to contribute to the analysis. 25 In addition, to prevent non-exchangeability due to selection bias in CCO designs, the chance of each exposure state should be independent during the entire observation period. 26, 27 These assumptions are most likely violated in our study because the median treatment duration in our study was 115 days in THIN and 221 in Mondriaan, and as a result, discordancy was low. In the sensitivity analysis where the timing of selection of control moments was varied, we observed that discordancy of exposure dropped in both databases when case and control moments were spaced only 3 months in time.
Finally, not fulfilling the prerequisite of transient exposure by both prescription patterns and methodological choices resulted in the selection of discordant patients that seem to be at higher risk compared with 'stable' long-term users of AD as we observed in the post hoc sensitivity analysis when patients being discordant in the CCO were studied in the SCCS design. These patients also showed higher co-morbidity and used more co-medication than concordant patients.
Therefore, the selection bias we described as a possible explanation of the higher ORs in the CCO is likely the result of the violation of the assumption of transient exposure; if the latter was not (or at least less) violated, the proportion of cases with discordant exposure would be greater, and the selection bias and its effect on the estimate less problematic.
Validity of self-controlled case-series design
Self-controlled case series can be considered as cohort logic applied to a case-only design; therefore, it can be used with non-acute effects of exposure. 10 Because this design accounted for exposure before and after the HF, it is less susceptible to changes in exposure trends over time, and it does not require that the exposure is intermittent, therefore limiting some of the assumptions violation discussed in the CCO. 28 However, SCCS assumes that the event of HF in itself does not alter the probability of using AD nor affects censoring of the observation period. We assessed the former by including a pre-exposure period in the model; this removal of time from past/non-use to the pre-exposure period had little impact on the main exposure estimate for current use. Moreover, results show that there seems to be a tendency for people who have experienced an HF to be prescribed an AD within a relatively short time period and, what maybe surprising, that the effect estimate for the pre-exposure period becomes stronger as this period expands.
When subjects are censored at their first HF, the assumption underlying the SCCS design that events can be recurrent is violated. Weldeselassie et al. 29 and Farrington et al. 30 stated that censoring at the event produces a biased estimate that is unpredictable in direction. In our study, the bias was upward because the observation time removed from the analysis was mainly time during which subjects were exposed. Moreover, when censoring at the event, patients with no exposure before the event did not contribute to the result other than for the age adjustment as they had no contrast in exposure. Results indicated that the bias due to censoring at the event was dependent on the magnitude of censoring; if less than 20% of patients left or died after the event, the SCCS design still produced robust results, although the number of percentage of censoring may vary between studies.
Comparison of results with cohort and nested casecontrol designs. Case-only designs differ from more traditional designs by considering different operational hypotheses that are tested within each design, whereas cohort and case-control studies answer the question of whether users have a higher risk compared with non-users independent of duration of use; case-only studies compare changes in exposure within the cases. In the words of Maclure, the difference can be expressed in answering different questions: 'Why me?' versus 'Why now?'. 31 In spite of these methodological differences, the SCCS estimates were, except for the difference between TCA and SSRI, very similar to the cohort and NCC results in both databases. 13 The higher estimates observed in CCO can be understood by considering that chronic users do not directly contribute to the analysis as they are concordant. The NCC shares the exclusion of concordant patients from the analysis with the CCO; however, for the latter, concordance was based on exposure of the same patient; for the former, concordance was based on concordant pairs (pairs in which the case and control are either both exposed or both not exposed). In our analysis, CCO concordance could be considered as a proxy for 'stable patients having no need to start or stop their AD medication'; these patients were potentially different as we showed in the post hoc sensitivity analyses; therefore, excluding them created a selection bias.
For the NCC, concordance does not have a specific meaning; the likelihood of a pair being concordant is unrelated to the clinical exposure pattern of the case and therefore less likely to be associated with any important confounder. Consequently, concordant patients should not be different, and excluding them did not bias the NCC results.
CONCLUSIONS
In summary, in accordance with results from the cohort and NCC studies, our case-only studies confirmed a positive association between AD and HF when, by design, all time-invariant confounding was adjusted for.
However, the CCO design is not suited to study this association. The main reason seems to be that in both general practitioner databases, typical AD exposures were too long. This resulted in considerable lack of discordancy, which both (i) reduced power by exclusion of 65-70% of the eligible cases for analysis and (ii) introduced selection bias by selecting patients that needed to change their medication for some reason. Moreover, objective decisions should be made about the timing of control moments, and these should fit typical exposure of the drug under study and the physiological effects of exposure on outcome underlying any association studied.
The SCCS design seems more robust to assumptions about exposure and better suited to assess the association between AD and HF. Moreover, similar IRR for SSRI and TCA in THIN might show how the SCCS is likely to deal better with the problem of confounding by frailty present in the traditional designs.
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• In this study, assumptions of the case-crossover design are violated with regard to exchangeability and length of exposure and transient effects on outcome.
• The self-controlled case series seems to be an appropriate design for assessing the association between antidepressant use and hip fracture. Moreover, it shows a similar risk estimate for selective serotonin reuptake inhibitors and tricyclic antidepressants in contrast to case-crossover, nested case-control and cohort.
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